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Over the last decade, DNA has been widely employed as a scaffold to form inorganic metallic nanoparticles (MNPs). The unique programmable structure provided by Watson-Crick base pairing and the tunable properties of DNA have been used for growth and positioning of nanoparticle (NP) structures. This has enabled new synthetic strategies, such as DNA metallization, [1] [2] [3] [4] [5] [6] [7] [8] DNA-mediated NP synthesis, [9] [10] [11] [12] [13] [14] [15] and DNA-controlled positioning of NPs, [ 16 , 17 ] to create novel, effi cient, and useful miniaturized optical sensors, electronic devices, circuits, and medical theranostic kits. The remarkable molecular recognition properties and self-assembly capabilities of DNA have been intensively utilized for several years. For example, DNA-directed inorganic nanowire particles have been studied for observing conformational changes of double-stranded DNA (dsDNA) by addition of metal ions. [ 1 ] Moreover, the assembly of nanocrystals of semiconductor materials using DNA as a template has been examined to overcome insulation of DNA in electronic circuits. [ 18 ] Thus, the binding affi nity of metal ions to oxygencontaining mono/di/tri-phosphate groups and N bonds of bases prevents excessive deposition on DNA with increases in concentration. [ 19 ] In addition to its ability to self-assemble, DNA has also been used to produce unique dispersed NPs and to control the positions of these particles on programmable DNA scaffolds. As an example, DNA/RNA sequences, structure, and composition have been used to fi ne tune the size, shape, and physicochemical properties of NPs and to generate biocompatible and easily functionalizable nanomaterials. [ 11 , 12 ] Graphene is an allotrope of carbon composed of one-atomthick planar sheets of sp 2 -bonded carbon atoms densely packed in a honeycomb crystal lattice. [ 20 ] Since its discovery in 2004, graphene has been used for a broad spectrum of applications based on its unique physical, mechanical, and electronic properties. Most recently, graphene oxide (GO), the oxidized form of graphene, has been used in conducting polymers, battery electrodes, heterostructured nanomaterials, electronic and optical sensors, antibacterial materials, and drug and DNA delivery systems. [ 21 ] GO has become a unique platform for growth and immobilization of metal NPs to produce watersoluble multicomposite nanostructures. Compared to single MNPs, MNP-GO heterostructures show effective surface enhanced Raman scattering (SERS), catalytic, and antibacterial properties. [22] [23] [24] [25] To date, metal-GO heterostructured nanomaterials have been produced by such techniques as thermal activation, [ 26 , 27 ] tefl on line-autoclaving, [ 28 ] microwave-assisted synthesis, [ 24 ] photochemical synthesis, [ 29 ] and electroless deposition, [ 30 ] as well as by such chemical reduction methods [ 31 ] as in situ reduction of metal precursors [ 32 ] and post-deposition of pre-synthesized metal NPs. [ 33 ] However, these various synthesis pathways have several major limitations in terms of producing uniformly sized and shaped particles and obtaining enhanced optical, electronic, and chemical properties of metal-GO nanocomposites. Moreover, most of the current methods, which use sophisticated experimental procedures and expensive instrumentation, are time-consuming, multistep, and labor-intensive processes that require specifi c conditions for each metal. To address these issues, we report a novel, simple, and universal route for the preparation of metal-GO heterostructures with controllable NP size and shape using dsDNA as a template. The adsorption of DNA on GO is rationally utilized to create biocompatible and easily functionalizable Ag-GO, Au-GO, Cu-GO, Pt-GO, and Au/Cu/Pt-GO heterostructures using the same experimental conditions. The GO used in this work is highly water soluble and the dsDNA adsorbed on the surface of the GO improved the solubility of GO in water. The metal-GO heterostructures stay dispersed in water for several months without any precipitation.
The large surface of GO, which contains several functional groups and domains (e.g., uncharged polar hydroxy and epoxide groups, charged hydrophilic carboxylate groups located at edges, and π -bonds, including sp 2 electrons and hydrophobic graphenic COMMUNICATION domains), makes GO an ideal platform for GO-biofunctional group interactions. In particular, utilization of DNA adsorption on GO has enabled new applications and synthesis opportunities. Single-stranded DNA (ssDNA) shows preferential binding over dsDNA onto the GO surface by the exposed aromatic rings holding sp 2 electrons, leading to π -π stacking between ssDNA and GO. [ 34 ] However, when ssDNA is hybridized with its complementary DNA to form dsDNA, insuffi cient sp 2 electrons are available on the dsDNA aromatic groups to enable π -π stacking between the aromatic groups of dsDNA and aromatic groups of GO. In our approach, the fl uorophore-terminated ssDNA tail was used to track binding of our designed dsDNA on GO surfaces, as shown in Scheme 1 . The quenching of the fl uorophore (fl uorescein isothiocyanate, FITC) located on the 3' prime end of DNA-1 (5′ AAT GTG CTC CCC CA GCGCGCTT FITC-3′) verifi ed the adsorption on the GO surface by the unhybridized extension bases of DNA-1. Uniformly sized Au, Ag, Cu, and Pt NPs and Au/Cu/Pt alloy structures were produced by chemical reduction of cationic metal ions (Au 3 + , Ag 1 + , Cu 2 + , and Pt 4 + ) bound to and accumulated on the main groove of dsDNA adsorbed on the GO surface (Scheme 1 ). The reaction temperature, reaction time, stirring rate, concentration of each metal ion (100 μ M), and reductant (500 μ M) were kept constant to synthesize each MNP-GO hybrid structure. The transmission electron microscopy (TEM) images of Au-GO and Ag-GO samples ( Figures 1 and 1 b) show well-ordered NP distributions of 16 and 12 nm, respectively. A small number of larger NPs can also be seen in the TEM images. These can be attributed to extended reaction time causing aggregative growth in the metallic NP formation experiment. Extending the reaction time limits the otherwise free space between metal ions, then the strong van der Waals interactions between metal NPs causes them to agglomerate. As a result there is a lack of single dispersed NPs generated. No formation of MNPs occurs during the 30 min reaction time at room temperature in the absence of dsDNA (Figure 1 c) . It is proven that dsDNA is required for metal NP nucleation and growth ( Figure S1 , Supporting Information). The TEM image of pristine GO is included for comparison (Figure 1 d) . In our approach, the dsDNA provides a homogeneous distribution of Au and Ag NPs on the GO surface, whereas previous studies without dsDNA using different techniques and experimental conditions resulted in NPs on the randomly distributed pre-existing functional groups on the GO surface. [ 23 , 27 ] TEM images of Cu and Pt NPs ( Previous studies have shown that nucleic acids bind metal ions by different types of interactions. [ 9 ] The phosphate and base regions of DNA are equally responsible for binding Cu 2 + ions, while the nucleobase moiety of DNA preferentially binds Au 3 + and Pt 4 + noble metal ions. [ 10 ] This fact allowed us to accumulate metal ions into the major groove of DNA containing phosphate and base moieties. The reduction and formation order of metal ions among Au 3 + , Cu 2 + , and Pt 4 + ions was determined based on their Fermi levels and their binding affi nities to DNA. [ 35 ] Thus, Au 3 + was fi rst reduced and then bound to DNA, while Cu 2 + and Pt 4 + showed second and third reduction and binding affi nities.
DNA-mediated growth of different types of MNPs on the GO surface was studied by UV/vis absorption and fl uorescence intensity measurements. The UV-vis spectra of the DNA-mediated MNP-GO nanocomposites are shown in Figure 3 , as well as pristine GO. The spectrum of pristine GO contains a peak at around 230 nm (Figure 3 a) . The UV-vis absorption spectra of aqueous solutions of Ag@dsDNA-GO and Au@dsDNA-GO complexes indicate the formation of Ag and Au NPs on GO with corresponding peaks at 400 and 530 nm, respectively (Figures 3 b and 3 c) . The alloy-GO nanostructure (Au/Cu/PtdsDNA-GO) also exhibits a broad peak around 580 nm which may be an indication of the formation of alloy NPs (combination of Au 3 + , Cu 2 + , and Pt 4 + metal ions) (Figure 3 d) . If dye-modifi ed ssDNA is used, it is well known that GO signifi cantly quenches the fl uorescence of the dye. In contrast to face. The high binding affi nity of cationic metal ions to dsDNA causes metallic NPs to form on dsDNA, instead of on random locations on the GO surface. Thus, the use of DNA as the template plays an essential role for nucleation, stabilization, and growth of MNPs on the GO surface. Moreover, no study has reported alloy-GO hybrid nanostructure formation. We used GO surfaces, the fl uorescence intensity of FITC in the fi nal mixture was measured to generate third fl uorescence data, The quenching effi ciency (QE 2 ) of the Ag@GO composite, around ∼ 95-98%, was also calculated by subtracting the third fl uorescence data from the fi rst fl uorescence data. It is demonstrated on the fl uorescence spectra that the second quenching effect is caused by Ag NPs grown on dsDNA. It is proven that the fl uorescence quenching spectra of FITC-labeled dsDNA were generated based on its binding position on the surface of GO and its distance to the Ag NPs grown on the DNA. The ssDNA tail containing eight bases and the FITC dye corresponds to approximately ∼ 3.06 nm and dsDNA on which 12 nm sized Ag NPs are grown contain 14 bases with a length of ∼ 4.76 nm. The 12 nm size of the Ag NPs is already close enough to quench the FITC dye in the whole DNA system. When the two molecules are in close proximity (donor and acceptor molecules), energy transfer occurs between these molecules by electron transfer. In our system, Ag NPs formed on dsDNA serve as photon acceptors to quench the fl uorescence of the FITC dye located on the 3′-end. The quenching effi ciency is associated with the type, size, and shape of the NPs, and is also strongly dependent upon the distance between the NPs and fl uorophores. Au NPs were more effective quenchers than Pt and Cu MNPs (Figure 4 b) . This may result from the structural nature of gold NP surfaces and the strong localized surface plasmon resonance of Au NPs. The emission wavelength of the FITC dye overlaps with the surface plasmon band of the Au NPs, as such more effective quenching may take place with Au NPs compared to Cu and Pt NPs. Hence, the high molar extinction coeffi cients and broad energy bandwidth make Au NPs highly effective quenchers. We used DNA-directed Ag-GO hybrid nanostructures to develop a sensitive, simple, and reliable strategy for the detection ssDNA, dsDNA does not lie fl at on the GO surface through π -π stacking, because aromatic rings (bases) are blocked, as noted in the discussion above, and the outer charged phosphate groups have a considerably lower affi nity for adsorption onto the GO surface. In dsDNA, the spaces (minor and major grooves) are found between strands. When the backbones of strands are far away from each other, wider spaces called major grooves occur. Proteins and metal ions bind at the major grooves, because the fringes of the nucleobases are more accessible there. In our approach, we used dsDNA with an ssDNA tail to grow MNPs on the major grooves and to show partial quenching of FITC dye on the 3′-end of the ssDNA tail.
Fluorescence measurements were studied with a scan range from 480 to 650 nm for all fl uorescent spectra and the excitation point was fi xed to 480 nm and emission was set from 520 to 650 nm as presented in Figure 4 a. We calculated the quenching effi ciency of GO and Ag NPs for the fi rst quenching and the second quenching, respectively, by using the formula of QE 1 = (1 -β 1 ) × 100% and QE 2 = (1 -β 2 ) × 100%, where β 1 is the ratio of fl uorescence quenched by GO and β 2 is the ratio of fl uorescence quenched by GO and Ag NPs to the original fl uorescence of FITC-labeled DNA in solution. [ 36 ] The FITC-labeled dsDNA shows intense fl uorescence emission in solution, so it was measured at the specifi c point (521 nm) of emission wavelength for the fi rst fl uorescence data. After binding to GO, the fl uorescence intensity of FITC in the mixture was measured to generate second fl uorescence data at this specifi c wavelength. The quenching effi ciency (QE 1 ) of GO, around 65-70%, was calculated by subtracting the second fl uorescence data from the fi rst fl uorescence data. The incomplete quenching may be attributed to adsorption of dsDNA in a tilted position and lack of direct contact between FITC-dsDNA and the surface of the GO sheets. In the presence of Ag NPs formed on dsDNA-tempated 
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in the presence of dopamine, whereas there was no signifi cant charge change in the presence of other substances (shown in Figure S5 , Supporting Information). This selectivity is strongly related to the highly specifi c catechol interaction occurring between Ag NPs and the diol groups of dopamine. The negligible charge changes in the presence of some other analytes may be caused by non-specifi c binding between some analytes and Ag NPs or GO.
Ag NPs have been practically used as effective and universal germicidal agents against viruses and bacteria. The common proposed mechanism of toxicity of Ag NPs against bacteria is that Ag NPs can react with the bacteria surface and cause direct and severe damage to the bacterial membrane. The combined toxic effect of Ag NPs themselves and silver ions (Ag + ) released from Ag NPs deactivate the enzyme for cell respiration and replication and induce cell death. [39] [40] [41] [42] Although Ag NPs display effective antibacterial properties towards various types of bacteria, the aggregation of Ag NPs when reacting with bacteria lowers the antibacterial effect. To overcome this major drawback, the combination of GO and Ag heterostructure was developed to generate a highly enhanced antibacterial effect compared to bare Ag NPs.
Ag-dsDNA-GO heterostructures display excellent antibacterial properties, which are attributed to the synergistic effect between GO and Ag NPs. [43] [44] [45] Use of Ag@dsDNA-GO composites introduces three promising advantages, compared to Ag NPs free in solution: 1) GO acts as a stabilizer to prevent, for the most part, agglomeration of Ag NPs and to maintain their high surface reactivity; 2) the antibacterial activity of Ag@dsDNA-GO composites is enhanced by the synergistic effect between Ag NPs and GO; and 3) the Ag@ dsDNA-GO composites may have stronger adsorption properties due to the negatively charged DNA, which may increase adhesion between Ag-GO composites and the bacterial cell membrane. [ 46 ] The Xanthomonas perforans (X. perforans) bacteria cells before and after treatment with 20 ppm of Ag@ dsDNA-GO composites were observed by TEM ( Figure S6 , Supporting Information). The bacterial cell is adsorbed on the surface of Ag@dsDNA-GO and Ag NPs react with the bacterial membrane to cause irreversible changes in cell membrane morphology and fi nally induce cell death. Experimental results proved that Ag@dsDNA-GO nanostructures possessed very effective antibacterial properties towards X. perforans , as shown by the bacterial cell viability assay ( Figure S7 , Supporting Information). Ag NPs kill bacteria by reacting with the bacterial cell wall. [ 47 ] However, single-component Ag NPs grown on dsDNA showed a much lower antibacterial effect than Ag@dsDNA-GO nanostructures. When they are in contact with bacterial cells, Ag NPs may aggregate, thereby decreasing their active surface areas and activity. Although GO itself shows an antibacterial effect towards some types of bacteria, [ 48 ] GO does not have any antibacterial effects on X. perforans .
In conclusion, we have developed a novel technique to synthesize DNA-directed metal NPs on GO. The simultaneous synthesis and functionalization achieved by our approach can be easily applied to produce different types of metal-based GO hybrid nanostructures, including Au-GO, Ag-GO, Cu-GO, Pt-GO, and Au/Cu/Pt-GO composites. The of dopamine. The large surface area of dsDNA-GO decorated with Ag NPs is a highly effective platform to capture nanomolar levels of dopamine from solution and to observe the amount of adsorbed dopamine using zeta potential measurements (shown in Figure S2 of Supporting Information). The zeta-potential is an electrostatic potential caused by charges around a particle's surface, and the zeta-potential value gives a highly sensitive way to measure the charge density of colloidal particles and to detect any modifi cation resulting from a change of charge density on the surfaces of particles. GO (20 μ g mL − 1 ) is negatively charged with a -26.41 mV zeta potential due to the presence of hydrophilic carboxy groups (data not shown). The adsorption of dsDNA, composed of a negatively charged phosphate backbone, on the GO surface results in a more negative zeta potential, -34.05 mV. The zeta potential becomes even more negative with Ag NPs, -49.32 mV. Addition of dopamine, a positively charged small biomolecule, at different concentrations ranging from 1 nM to 60 μ M results in the formation of Ag-catechol bonds and less negative zeta potentials. The color of Ag@dsDNA-GO nanostructures in aqueous solution becomes darker with addition of dopamine (photographs shown in Figure S3 of Supporting Information). The addition of different concentrations of dopamine (1 nM, 60 nM, 600 nM, and 60 μ M) into a Ag@ dsDNA-GO solution made it highly viscous and resulted in the decrease in mobility of Ag@dsDNA-GO colloids (-3.33, -3.01, -2.93, and -2.29 MU). Consequently, the zeta potential cannot be measured accurately above 300 μ M dopamine due to the quite low mobility, -0.16 MU. Mobility, i.e., the ratio of velocity to applied electric fi eld, is a major parameter in the equation to accurately measure zeta-potential values. [ 37 ] We think that excess amounts of dopamine bound to the surface of Ag NPs by a catechol reaction and also adsorbed on the back surface of GO via π -π stacking lead to the decreased mobility of Ag@dsDNA-GO composites. In addition to that, the addition of dopamine to an aqueous solution of Ag@dsDNA-GO increases the absorbance of the Ag NPs because more dopamine molecules bind to surface of the Ag NPs and stabilize them (UV-vis graph shown in Figure S4 of Supporting Information). The characteristic absorption peak of Ag NPs on GO exhibits a single and very broad absorption peak around 410 nm wavelength, which is the frequency of the surface plasmon oscillations for Ag NPs. As the concentration of dopamine is raised from 1 to 60 nM, the absorption peak of Ag NPs becomes narrower and the absorbance increases and displays a slight blue-shift. Surprisingly, after addition of 600 nM of dopamine, the absorbance values start to decrease, and with addition of 60 μ M of dopamine, the absorbance is low and broad. [ 38 ] The increase in dopamine concentration leads to dopamine saturating the surface of the Ag NPs and excess dopamine non-spefi callly adsorbs on the surfaces of GO, which causes a decrease of mobility of the Ag@ dsDNA-GO complex and some aggregation in solution. The highly viscous Ag@dsDNA-GO complex solution does not produce a proper optical absorbance value. The generated absorbance values are consistent with Figures S2 and S3 .
To examine the specifi city of our system to dopamine, we tested several other analytes including positively charged metal ions and peptides such as Cu 2 + , Zn 2 + , glutamine, lysine, glycine, cystamine dihydrochloride, arginine, nicotine, uric acid, and ascorbic acid. The dramatic charge change was only observed experimental conditions and parameters are not dependent upon the types of metal ion precursors used to form the NPs. The synthesis of NPs takes less than 2 h and can be successfully and simply carried out under ambient conditions. This approach represents a time-and cost-saving route for the preparation of DNA-mediated MNPs on GO.
The DNA-guided Ag-GO nanostructures were used to design a dopamine quantitation method based on zeta-potential measurements. Initial investigation of antibacterial activity indicated that Ag@dsDNA-GO nanostructures signifi cantly decreased the viability of X. perforans . Further antibacterial studies are currently underway.
Experimental Section
Chemicals and materials, the detailed synthesis procedure of DNA and instrumentation and characterization are given in the Supporting Information.
Synthesis of DNA-Guided Ag NPs on GO : The synthesis of DNA-guided Ag NPs was accomplished through reduction of AgNO 3 with NaBH 4 . DNA-1: 5' AAT GTG CTC CCC CA GCGCGCTT FITC-3′ and DNA-2: 5′ TGG GGG AGC ACA TT-3′ were mixed together at the same concentration (1 μ M) to obtain dsDNA by hybridization in 10 mM HEPES buffer (50 mM NaNO 3 , pH 7.5) for 30 min. GO at a fi nal concentration of 20 μ g mL − 1 was added to the DNA solution for adsorption of dsDNA on the GO. After 30 min incubation, the mixture was centrifuged, and excess DNA in the supernatant was decanted. The precipitated DNA-GO was redispersed in 1 mL of 10 mM HEPES buffer, followed by addition of AgNO 3 to the DNA-GO mixture under vigorous stirring (fi nal concentration of AgNO 3 is 100 μ M in the mixture of DNA-GO and AgNO 3 ). After 5 min of incubation, a freshly prepared reducing agent solution of 500 μ M NaBH 4 was injected dropwise into the mixture containing DNA, GO, and AgNO 3 over 30 min under vigorous stirring. The resultant mixture was washed twice with HEPES buffer and centrifuged at 12000 rpm for 15 min to remove free Ag NPs. The fi nal products were redispersed in HEPES buffer for further characterization.
Ag-dsDNA-GO : Gold( III ) chloride trihydrate was used with sodium citrate to form Au NPs on dsDNA-GO. HAuCl 4 · 3H 2 O solution was added to the dsDNA-GO mixture with a fi nal Au 3 + concentration of 100 μ M, and the resulting mixture was stirred for 5 min. The freshly prepared reducing agent solution of 500 μ M sodium citrate was added in a dropwise manner over 30 min with vigorous stirring. Purifi cation was achieved in the manner described above.
Cu-dsDNA-GO and Pt-dsDNA-GO : The protocol given above for the formation of Ag and Au NPs was followed, except CuSO 4 and PtCl 4 were separately reduced on dsDNA-GO using sodium L -ascorbate as the reductant. The fi nal concentrations of metal ions (Cu 2 + or Pt 4 + ) and reducing agent in mixtures were adjusted to 100 and 500 μ M, respectively.
Au/Cu/Pt-dsDNA-GO : Au 3 + , Cu 2 + , and Pt 4 + solutions, at 100 μ M of each metal ion, were simultaneously added into the dsDNA-GO mixture stated above with vigorous stirring. After 10 min incubation, a reducing agent of 500 μ M sodium L -ascorbate was added dropwise to the mixture over 30 min with stirring.
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